Introduction
[2] Eddies play an important role in determining the large-scale ocean circulation and in tracer transport, and models used for climate studies and prediction must rely on their parameterization for some time into the future. Most climate models currently use the parameterization of Gent and McWilliams [1990] (hereafter GM) to mimic the flattening of isopycnals and the associated release of available potential energy due to baroclinic instability. The GM parameterization can be interpreted in terms of thickness diffusion on isopycnal surfaces, and several attempts have been made to diagnose the ''thickness diffusivity'' using output from eddy-resolving models [e.g., Rix and Willebrand, 1996; Bryan et al., 1999; Peterson and Greatbatch, 2001; Eden et al., 2006b] . The GM parameterization is an adiabatic parameterization; that is, the effect of the eddies is assumed to be completely adiabatic, and the resulting eddy flux is entirely advective in character. However, while adiabaticity is a good approximation in the ocean interior, where the observed level of diapycnal mixing is low, the adiabatic assumption breaks down in the surface mixed layer, where the ocean has contact with the atmosphere [Tandon and Garrett, 1996; Treguier et al., 1997] . In fact, although baroclinic instability is itself an intrinsically adiabatic process, eddies generated by baroclinic (or any other) instability processes are strongly modified in the surface mixed layer by interaction with the atmosphere, leading to irreversible diapycnal mixing (i.e. water mass conversion) associated with eddies. It has also been proposed that diapycnal eddy fluxes play a significant role in the maintenance of the thermocline and in balancing the ocean heat budget [e.g., Marshall et al., 2002; Karsten et al., 2002; Hughes, 2002; Radko and Marshall, 2004] (also R. J. Greatbatch et al., Closing the ocean heat budget, submitted to Geophysical Research Letter, 2006) (hereinafter referred to as Greatbatch et al., submitted manuscript, 2006) .
[3] Recently Eden et al. [2006a] have provided a comprehensive theory in which the eddy heat (or tracer) flux is decomposed in a consistent fashion into advective (i.e., adiabatic), diffusive (i.e., diabatic) and rotational parts, extending the theory of Marshall and Shutts [1981] to the completely general situation. In work by Eden et al. [2006a] , the diabatic effect of eddies is associated with the irreversible removal of variance at small scale (or the local growth of variance in non-statistically steady situations). Here, we combine satellite-derived geostrophic velocity anomalies with sea surface temperature (SST) data to estimate the eddy-induced diffusivity for heat in the surface mixed layer of the western North Atlantic, based on the theory of Eden et al. [2006a] . It should be noted that the mixing we are talking about here is strictly diabatic and differs from the thickness mixing/diffusivities associated with the adiabatic eddy tracer transport, and also from the mixing length approach for estimating diffusivities taken by Holloway [1986] , Keffer and Holloway [1988] and Stammer [1998] . In particular, following Eden et al. [2006a] , we emphasise the dissipation of the eddy variance of SST through interaction with the atmosphere.
Data Description
[4] The SST data has a resolution of 14 km and is taken from the NOAA Satellite and Information Service website. It is a composite gridded-image derived from 8-km resolution SST observations. SST is defined as the sea surface temperature tuned to in situ data at 1 meter depth (for details, see http://www.class.noaa.gov/nsaa/products). The geostrophic velocity anomaly (GVA) is derived from maps of sea surface height anomalies optimally interpolated to a 1/3°Mercator grid and downloaded from the CLS Space Oceanography Division website [LeTraon et al., 1998 ]. The study area is the western Atlantic Ocean, extending from 20°N to 50°N and from 280°W to 310°W. The reason for choosing this region is that the ocean here is subject to strong eddy activity. To overcome the mismatch between GVA and SST data grids, we linearly interpolate the GVA data to the SST data grids. The interpolated GVA fields preserve very well the features in the original GVA data. The selected data sets span the period from August 2001 to September 2005, with a temporal resolution of a week (two times a week in the later years). Both the GVA (u 0 ) and the SST (T 0 ) anomalies are computed after the seasonal cycle has been removed (the seasonal cycle is obtained by fitting a sine curve with annual period to the data) and are departures from the mean over the whole study period. The surface temperature flux associated with the Ekman flow anomalies is about two orders of magnitude smaller than the eddy temperature flux associated with the GVA, and is neglected in this study. It should be noted that in the following computations, both the mean temperature gradient and the final diffusivities are spatially smoothed over a scale of 100 kms.
Results
[5] By considering the full hierarchy of tracer moments, Eden et al. [2006a] express the eddy-induced diffusivity for heat, K e , in quasi-steady state as
where the operator D() = r Á (r T jr T j À2 ()), Q is the diabatic forcing and f n are the moments of variance (f n = T 0 n n ) and T is here the SST. In the surface mixed layer, Q is controlled by the surface heat flux and entrainment. We begin by neglecting the higher order terms and use the balance
It is instructive to replace Q by a simple restoring boundary condition, as in work by Haney [1971] , where SST is relaxed towards climatology on a time scale (1/g), so that
where T is the instantaneous SST and T* is a specified restoring temperature. Substituting into (2), we obtain
It follows that in this simple case, the surface eddy diffusivity can be estimated from the variance of the SST (T 0 2 ) shown in Figure 1a . For simplicity, we begin by putting the time scale 1/g equal to 100 days (the spatial distribution of this time scale is discussed later). The resulting diffusivity, K e , is shown in Figure 1b . Large values of order 10 4 m 2 s À1 are found to the south of the Gulf Stream, where the mean temperature gradient is relatively weak, whereas smaller values are found in the Gulf Stream itself, where the mean gradient is relatively strong, even though the variance (Figure 1a) is relatively large there.
[6] Next we estimate the diffusivity using the eddy flux, u 0 T 0 . Following Eden et al. [2006a] , the eddy flux can be decomposed as
where all the vectors and vector operators are three dimensional (3-D). r Â q serves as a rotational flux which drops out when the (3-D) divergence of the eddy flux is taken, and B is the vector stream function for the eddyinduced transport velocity. From (5) the eddy-induced diffusivity K e is given by
We note that for a particular choice of rotational flux, q, (6) and (1) are equivalent (see equation (43) in work by Eden et al. [2006a] ). However, we begin by ignoring the rotational flux (i.e. put q = 0) and also assume that the vertical gradient of the mean temperature field is zero (i.e. that the surface layer is well mixed). Figure 2 shows the horizontal component of the raw eddy flux (u 0 T 0 ) plotted together with the mean temperature. (''Raw'' here means that no rotational flux has been removed.) The raw eddy flux shows considerable spatial variability, with large amplitude associated with the Gulf Stream, especially after it separates at Cape Hatteras, and a significant component along the mean temperature contours. The eddy-induced diffusivity, K raw , is diagnosed using (6) from the raw eddy fluxes by putting q = 0, i.e.,
and is shown in Figure 3a . The raw eddy diffusivity is largely positive in the study area, indicating that the raw eddy flux is mostly down the mean temperature gradient, although some regions with negative diffusivity are found. The large-scale structure of K raw reveals a pattern that is basically similar to K e as derived using work of Haney [1971] (see Figure 1b) , with maximum values on the order [7] Rotational fluxes can be large in amplitude, and it is important to realize their presence when interpreting eddy fluxes either in models [Bryan et al., 1999; Jayne and Marotzke, 2002] or observations [Illari and Marshall, 1983] . Here, we note that in the decomposition of Marshall and Shutts [1981] , the rotational flux circulates along the variance contours. We therefore follow Eden et al. [2006b] and estimate the horizontal component of the rotational flux using
where : r = (À @ @y ; @ @x ) T denotes anti-clockwise rotation of the gradient vector by 90°, as in work by Eden et al. [2006b] . We also tried using the more general approach for estimating rotational fluxes of Medvedev and Greatbatch [2004] and Eden et al. [2006a] . However, the results are not very satisfactory, probably because the vertical flux of variance (which unfortunately is not available to us) is required to make (6) and (1) equivalent [see Eden et al., 2006a] . It should also be noted that the two-dimensional divergence of (u 0 T 0 ) R is not, in general, zero. However, it is easy to add a vertical component to make the 3-D divergence zero, as required by the theory. The horizontal component of the rotational flux is plotted together with the variance in Figure 1a. (The spatial distribution of the variance in the study area is of its own special interest. The maximum variance is found in the Gulf Stream separation region at Cape Hatteras and there is a spatial shift of the region of high variance associated with the presence of the New England Seamounts near 39°N, 295°W.) We now estimate the eddy-induced diffusivity after removing the rotational flux using
where (u 0 T 0 ) R is defined using equation (8). The resulting eddy diffusivity (Figure 3b ) is similar in structure but generally reduced in amplitude compared to the raw diffusivity (Figure 3a) , though there are still ''hot spots'' where the eddy diffusivity is close to 10 4 m 2 s
À1
. Regions with negative diffusivity are also generally reduced compared to Figure 3a . Overall, the amplitude and largescale structure of the eddy diffusivity diagnosed in this study compares reasonably well (but with differences in detail) with the diffusivity derived from surface drifter data by Zurbas and Oh [2004] . The values we have diagnosed are also generally larger than previous estimates [e.g., Stammer, 1998 ] -see also Holloway [1986] for the North Pacific and Marshall et al. [2006] for the Southern Ocean), the reason being the fundamental role played in our approach by the damping of SST variance by the surface heat flux (illustrated explicitly by equation (4)). However, in common with Marshall et al. [2006] our diagnosed diffusivities are smaller in the core of the Gulf Stream jet and enhanced on the equatorial flank (see Marshall et al. [2006] for a discussion of this issue).
[8] Finally, we can estimate the dissipation time scale by equating (4) and (7) to obtain . Both are plotted on a log scale as in Figure 1b .
The (absolute) value of the time scale 1/g is shown in Figure 4 . The computed time scale shows considerable spatial variability, with shorter time scale along the Gulf Stream (about 20-30 days) and longer time scales (100 days and longer) in less eddy rich regions. This difference in time scales is broadly consistent with expectations from the theory of Bretherton [1982] [see also Rahmstorf and Willebrand, 1995] since surface thermal damping in the region of the Gulf Stream front is expected to be more rapid than in the relatively quiet gyre interior where SST is much more spatially homogeneous. It should be noted, however, that consistency with the above theory is not guaranteed because our estimate includes a contribution to the dissipation from entrainment whereas the Bretherton [1982] approach is based on the contribution from surface heat flux alone. The relatively short dissipation time scale along the Gulf Stream also explains why the estimated eddy diffusivity shown in Figure 1b is lower in amplitude than shown in Figure 3 , since to produce Figure 1b we used a spatially uniform time scale of 100 days.
Summary and Discussion
[9] Observations in the atmosphere are easier to make and hence more abundant than those in the ocean, facilitating the diagnosis of eddy fluxes in the atmosphere [e.g., Lau and Wallace, 1979; Illari and Marshall, 1983] . Sea surface height and temperature seen from satellites provide a way to analyze the eddy properties near the surface of the ocean. (Greatbatch et al., submitted manuscript, 2006) have argued that the eddy-induced diffusivity in the surface mixed layer plays a fundamental role in balancing the ocean heat budget and it is clearly important to provide estimates of this diffusivity from data, and to correctly parameterize the eddy-induced diffusivity in ocean/climate models. Here we have conducted a regional diagnosis of the eddy-induced diffusivity for heat by directly combining satellite-derived geostrophic velocity and sea surface temperature anomalies from the western North Atlantic Ocean. The eddy diffusivity derived from the raw fluxes (no rotational flux removed) exceeds 10 4 m 2 s À1 to the south of the Gulf Stream, where the mean temperature gradient is weak, and typically takes values in the range 1000 -2000 m 2 s À1 within the Gulf Stream itself. We estimated the rotational eddy flux based on the approach of Marshall and Shutts [1981] . The resulting eddy diffusivity is reduced in amplitude but has the same basic spatial pattern as the diffusivity derived from the raw fluxes. It still has values close to 10 4 m 2 s À1 south of the Gulf Stream. A similar spatial structure and amplitude is also found when the eddy-induced diffusivity is derived using a simple restoring boundary condition [Haney, 1971] applied to SST. We can also estimate the dissipation time scale for SST anomalies in the study area by inversion using the eddy flux and the variance. The estimated time scale compares (perhaps surprisingly) favourably with the theory of Bretherton [1982] , indicating a time of 20-30 days in the Gulf Stream itself and longer time scales (100 days and longer) in less eddy-rich regions. We note that values of the eddy diffusivity diagnosed here are generally larger than found in previous studies [e.g., Holloway, 1986; Stammer, 1998; Marshall et al., 2006] but are consistent with (i) Zurbas and Oh [2004] , (ii) considerations based on the ocean heat budget (Greatbatch et al., submitted manuscript, 2006) , and (iii) estimates from a model (X. Zhai and R. J. Greatbatch, The surface eddy diffusivity for heat in a model of the northwest Atlantic Ocean, submitted to Geophysical Research Letters, 2006) . We argue that ocean climate models should include a surface eddy diffusivity applied to temperature with a magnitude and spatial structure similar to that diagnosed here, while noting that a different eddy diffusivity is required in the salinity equation to reflect the different dissipation mechanism for surface salinity anomalies.
